The gas diffusion layer (GDL) is an important component of proton-exchange membrane fuel cells (PEMFCs) that participate in the interplay of the transport of different species. During the assembly of PEMFCs, mechanical pressure is applied to the solid boundary of bipolar plates to reduce the porosity of the adjacent GDL, especially under land areas. This variation in porosity reduces reactant consumption in the catalyst layer and primarily causes non-uniform current density in PEMFCs. To compensate for the loss of porosity in the GDL, a composite porous diffusion layer was used as a GDL with higher porosity in the under-land areas of the GDL than that in the under-channel areas. A numerical simulation was conducted to investigate the effect of the positional variation of porosity on the performance of the PEMFC. The overall performance of the cell was investigated through a polarization plot, and the local mass transport of the reactant species was evaluated at the two reaction sites. The introduction of the proposed composite porous GDL improved the performance of the PEMFC by enhancing the transport of the reactant species to and from the reaction site.
Introduction
Fuel cells are electrochemical devices that directly convert chemical energy into electrical energy. The production of electricity in the absence of moving parts and of burning fuel makes fuel cells environment-friendly and a suitable power system for terrestrial and space applications. Proton-NOMENCLATURE = local hydrogen concentration (mol-m 
)
exchange membrane fuel cells (PEMFCs) stand out as the most attractive among all fuel cells because of their solid polymer electrolytes, low operating temperature, miniature structure and quick startup and shutdown facilities. The overall performance of the PEMFC is governed by the complicated transport of reactants, products, charge and heat. The gas diffusion layer (GDL) is an important component of a PEMFC to participate in the interplay of transport of various species. The functional requirement of GDL greatly depends on morphological, thermal, electric and mechanical properties, such as porosity, thermal and electric conductivity and chemical and physical durability, as reported by Mathias et al..
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GDL is generally made up of carbon cloth and paper coated with polytetrafluoroethylene. In the assembly process, which seals the fuel cell, the application of compression pressure changes the morphology of the diffusion layer. The thickness and porosity of the soft and flexible material of the GDL layer under compression pressure vary. Liquid water in the GDL is another source of porosity variation, which was first observed by Gurau et al. when they developed a one-dimensional halfcell model.
2 At high current densities, the liquid water generated on the cathode side may block GDL pores and affect overall cell performance. Non-uniform porosity in the GDL reduces the overall reactant flux at the catalyst layer, particularly under the landing areas of the bipolar plate. As a result, current distribution in the electrode is also nonuniform. Therefore, some catalyst particles remain unreacted in the catalyst layer, especially under the landing areas of the bipolar plates. The catalyst layer has previously been modeled as a continuum interface between the membrane and GDL and as an agglomerate model consisting of agglomerate particles.
3-6
Many experimental studies have considered the effects of porosity variation as a function of compression pressure on fuel cell performance.
7-9
The high operating cost has made fuel cell experiments difficult to perform. Thus, numerical modeling has become an effective alternative to such experiments in academic research. Many mathematical modeling studies have used constant GDL porosity; however, this assumption fails to approximate the physical attribute of GDL in the fuel cell. [10] [11] [12] The concept of non-uniform porosity was introduced by Chu et al., who investigated its effect on fuel cell performance. 
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Considering the loss of GDL porosity due to application of mechanical pressure, this study aims to address this concern by proposing a composite porous layer having an initially higher porosity under land areas than under channel areas. The increased porosity will compensate the porosity loss when the mechanical pressure is applied during assembly keeping the effective porosity of GDL unaffected. Therefore, the present study aims to improve PEMFC performance by compensating for the loss of porosity without a significant increase in the manufacturing cost. Accordingly, a new method for the positional variation of GDL porosity is proposed to enhance flow and mass transfer properties with higher porosity under the land area than that under the channel area. This method counters the effects of reduced porosity and thus affects overall PEMFC performance. A numerical simulation is performed to investigate PEMFC performance by using the composite GDL porous layer. A 3D PEMFC along the channel model is used, and the multi-physics of flow, porous media, chemical reactions and charge transfer are coupled and solved simultaneously. Many researchers have employed Darcy's law to solve the physics of porous media without considering the viscous effects; therefore, the actual physical situation inside a PEMFC cannot be exactly predicted.
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Therefore, we make use of the Brinkman equation to incorporate the viscous effects in the proposed composite porous GDL. The performance of the PEMFC is evaluated by computing the polarization curves and mass transfer characteristics for different values of porosity in the GDL. 
Model Development and Mathematical Modeling

Model Assumptions
The model works on the following assumptions: I. The cell operates at a steady state and in isothermal conditions. II. Ideal gas for all species and laminar and incompressible flow is considered. III. No deformation occurs in any part of the cell. IV. The membrane is almost completely impermeable, with low permeability values for gas transport. V. Isotropic and homogenous electrolyte, electrode and bipolar plate materials. Additional assumptions required to model transport in the cell are subsequently discussed.
Governing Equations
Flow in the gas channel is governed by continuity (1), momentum (2) and mass transport (3):
where subscript i denotes the oxygen or hydrogen species, j represents water vapor on both sides, and D ii and D ij are the Stefan-Maxwell ternary diffusion coefficients obtained from Taylor and Krishna multicomponent mass transfer. 18 
GDL Modeling
The purpose of GDL is not only to facilitate the flow of reactants into the reaction site but also to serve as an electrical bridge between the catalyst layer and bipolar plates. GDL drives away the water produced from the cell and protects the thin catalyst layer. Transport phenomenon in the GDL is explained by the following equations:
Continuity equation for porous media:
The momentum equation for porous media is given by the Brinkman equation:
Transport equation for porous media:
The effective mass diffusivity coefficient is related to porosity via the Bruggemann relation:
The empirical exponent τ is usually taken as 1.5 times the tortuosity for a given porosity. The potential distribution in the GDL is given as a source term:
Membrane Modeling
Water balance is governed by the net water flux through the membrane: (9) where η d is the electro-osmotic drag coefficient and D w is the water diffusion coefficient in the membrane. Potential loss due to resistance to proton transport in the membrane is given as a source term: (10) where σ m is the membrane's protonic conductivity, which can be calculated by the relation given by Springer et al.:
The reference protonic conductivity of the membrane is (12) where, (13) where a is the activity of water vapor at the cathode side and P sat is the water's saturation pressure, which can be expressed as: (14) 2
.2.3 Electrochemical Reaction Kinetics
Reactants are consumed at the catalyst layers to produce water and heat. This consumption is modeled as source and sink terms. At the anode catalyst layer, hydrogen is consumed to produce electrons and protons. The rate of hydrogen consumption is given by (15) Similarly, the rate of oxygen consumption at the cathode-side catalyst layer is (16) The produced water can be described as a source term based on the local current density of the cathode: (17) The local current density can be calculated according to Butler-Volmer equation: (18) (19) α a and α c are the anode and cathode charge transfer coefficients respectively; and γ is the empirical concentration parameter. The activation over potential is calculated as (20) The ohmic and protonic overpotentials, the main causes of the performance drop in a fuel cell at medium current density, can be calculated by the following equations: (21) (22) where l g and l m represent the thicknesses of the GDL and membrane, 
Boundary Conditions
Fixed velocity boundary conditions were introduced to the cathode and anode inlet velocities of 0.3 and 0.2 m/s, respectively. Fixed pressure boundary conditions were applied to the outlets of the channel to simulate the operating pressure of the fuel cell. A symmetry boundary condition was applied to y-z plane of the model. Isothermal conditions were applied to the walls of the x-y plane. Combined Dirichlet and Neumann boundary conditions were used to solve for electronic and protonic potential equations. The geometric parameters and operating conditions used are given in Tables 1 and 2 .
Numerical Method and Implementation
We used commercial software COMSOL-Multiphysics, which uses the finite element method to solve equations. The multi-physics of flow, charge, heat and mass transfer in a PEMFC are coupled for steady-state simulation. The computational domain is discretized using mapped meshing with 125,000 domain elements, 42,800 boundary elements and 4000 edge elements. The present study makes use of a GDL composite porous layer in the PEMFC. This layer consists of two regions: a constant base porosity (i.e., under channel) region and a variable porosity (i.e., under land) region (Fig. 2) . To compensate for the loss of porosity caused by solid boundary contact and external mechanical assembly pressure, the variable-porosity regions in the GDL are assigned with higher porosity (0.4 to 0.7) than that of the constant-base-porosity region (0.4).
This study proposes a novel method of porosity variation in the GDL because the manufacturing process of such composite porous layers has not been reported yet. However, the literature suggests several methods to make non-uniform porosity in the GDL. The indirect methods include the use of gas diffusion barriers having a gas permeability gradient perpendicular to membrane of the fuel cell.
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Similarly the gas permeability which is closely related to porosity can be made non-uniform by using non-uniform pattern of perforations.
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The direct method includes variable porosity gas diffusion materials 
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Initially, the model is validated by plotting the polarization curve through the constant base porosity in the GDL. Two methods can be used to draw a polarization curve. In the first technique, cell voltage is specified as a boundary condition, and the solution is iterated to obtain the current and overpotential. The second approach assumes an average current density and computes the cell voltage. The former approach is more convenient than the latter and is thus used in this study. To compute the polarization curve, the overpotential values of PEMFC irreversibility have been calculated using equation (21), (22) and (23) . The obtained polarization curve was compared with experimental and numerical results of Cheng et al., at the same temperature (Fig. 3 ).
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The obtained plot closely follows the experimental polarization profile until the current density of 4000 A/m2, at which the latter drops because of decreased concentration of reactants. The plot is consistent with the cited numerical simulation and thus validates the model.
Results and Discussion
The effectiveness of using a composite porous GDL in the PEMFC is investigated by computing various parameters in steady-state simulation. The cathode side of a PEMFC is its most sensitive part, and attention has mainly been focused on computing the oxygen and water mass fraction in different orientations, in addition to the hydrogen mass fraction in the anode reaction site. Moreover, the overall performance of the cell is investigated with the proposed method with different GDL porosities under land and under channel areas by evaluating the polarization plots of the studied cases.
Effects on Polarization Plots
The overall performance of a PEMFC can be represented by a polarization plot between cell voltage and current density. Therefore, the present study investigates the performance of a composite porous GDL through polarization plots (Fig. 4) . The plot shows a clear agreement for all the studied cases up to a moderate current density. However, the profiles deviate from the base case at high current densities. The initial agreement represents an equal amount of total polarization that includes activation, cross-over and Ohmic losses. Thus a modified porosity of the GDL does not affect the reaction rate and electrical resistance in the cell. On the other hand, the deviation in the plot with increased current density shows an increase in reactant concentrations because concentration polarization has been limited. This means that porosity increase in only under land areas of the GDL increases the current density of the PEMFC.
The difference in current density magnitude for specific voltage is not so significant, thus a local current density distribution needs to be investigated. The presence of liquid water in the cell may also contribute to reduce the cell performance for the base porosity case by blocking the pores in the GDL. The reference exchange current density and Ohmic resistance of the cell are the other factors responsible for the lower fuel cell performance in the uniform porosity case. However, Roshendel et al. reported that it is the reduced pore size and the effective porosity with larger contribution in the cell overpotential.
5 Therefore, a composite porous GDL also increases the overall performance of the PEMFC by increasing the mass transport of the reactant species to the reaction sites in addition to compensating for the loss of porosity. A more prominent way to describe the fuel cell performance is the investigation of local current density distribution on the fuel cell electrode surface. For this purpose, anode side local current density was evaluated at mid length of the cell for the four cases at a cell voltage of 0.45 V as shown in Fig. 5 . The plot shows that the increase in porosity under land areas significantly improves the current density in those regions. The gradient in current density gets reduced with the porosity increase and the trend shows that it may become nearly constant for a further porosity increase. Thus, it can be inferred that an increase in porosity under land areas of the bipolar plate may also help in making a uniform current density distribution.
Effects on Cathode Reaction Site
In a PEMFC, oxygen is transported into the catalyst layer through the GDL to complete the fuel cell reaction and produce water. The cathode side is highly sensitive to the production of electricity depending on the effective transport of oxygen. Therefore, we mainly focused on the oxygen consumption and water production at the catalyst GDL interface with various combinations of composite porous GDL layers. Fig. 6(a) represents the computed oxygen mass fractions that reach the cathodic reaction site along the channel. The effect of composite porosity is incorporated by plotting the oxygen consumption at the junction of the under-land and under-channel regions. The plot represents the initial rapid consumption of oxygen near the channel inlet; oxygen consumption later stabilizes along the cell length. This initial drop in the oxygen mass fraction is dominated by the high inlet velocity of the reactant mixture; all the cases exhibit this behavior. The effect of high porosity under land areas is significant with moderate velocities in the middle of the channel, where oxygen consumption increases when porosity is high. The amount of oxygen consumption increases with increased porosity in the under-land areas of the GDL. These effects are also verified by the water mass fraction at the same location ( Fig. 6(b) ). The increase in water mass fraction along the cell length represents an improved cathodic reaction with high porosity in the under-land areas of the GDL.
In the composite porous layer, the porosity variation was made across the length of the cell. Therefore, the evaluation of the reactants and products transport across the GDL was made at the mid length. At the catalyst GDL interface, the oxygen consumption increases only under land areas of the GDL having higher porosity when moving across the cell length as shown in Fig. 7(a) . No significant difference is found in the oxygen mass fraction values under the channel areas. The water at the catalyst GDL interface is similarly affected (Fig. 7(b) ). The variation in horizontal porosity is mainly responsible for the formation of these mass fraction patterns.
Effects on Anode Reaction Site
The anodic reaction site is equally important in fuel cell operation because the reaction is initiated at this location. Therefore, the mass transport of hydrogen is also investigated at the catalyst GDL interface of the anode side. The results present a significant difference between the studied cases, with similar patterns found at the cathode reaction site. An interesting feature is observed in Fig. 8(a) and 8(b) that represent the effect of difference in porosity value of under land and under channel areas of GDL. This pattern contrasts with that in the cathodic reaction site, where mass transport properties gradually improve. At the anode reaction site, a small difference in the porosity of two distinct regions increases the reactant mass fraction.
These results imply that the use of a composite GDL porous layer improves the consumption of reactants (e.g., H 2 and O 2 ) and increases the amount of products (e.g., H 2 O). However, the produced water must remain in vapor form and therefore depends on cell temperature. A Fig. 6 Effect of composite porous GDL on cathode reaction site: (a) oxygen mass fraction and (b) water mass fraction along cell length Fig. 7 Effect of composite porous GDL at mid-length of cathode reaction site: (a) oxygen mass fraction and (b) water mass fraction across cell length unique feature observed in all the cases discussed here is the importance of using non-uniform GDL porosity. The mass fraction trends are similar in all the cases; however, a significant difference in magnitude exists between the uniform and non-uniform porosity cases as shown in Fig. 6 and Fig. 8 . The gas flow momentum generated by the large pores due to increase in porosity under land areas helps in improving the mass transport in the under channel areas as well. It means that a composite porous layer with non-uniform porosity improves overall mass transfer by only increasing the porosity of the GDL under land areas. Therefore, mass transport is strongly influenced by the pattern of porosity variation in the GDL. The introduction of the composite GDL porous layer improves the transport of species not only in the under-land areas of the GDL but also in its under-channel areas. Therefore, this layer affects the overall performance of the fuel cell.
Conclusions
This study is carried out to numerically investigate the effects of introducing a composite porous GDL to a PEMFC. The composite porous GDL uses a positional variation method that enhances flow and mass transfer properties by utilizing higher porosity in under-land areas than that in under-channel areas to counter the effects of reduced porosity and thus improve overall PEMFC performance. The investigation is performed by computing the oxygen and water mass fractions in different orientations at the cathode reaction sites in addition to the hydrogen mass fraction in the anode reaction site. Moreover, the overall performance of the cell is examined with the proposed porosity variation method by evaluating the polarization plots of the studied cases.
The results show the effectiveness of the proposed composite porous GDL with improved PEMFC performance because the transport of the reactant species to and from the reaction sites is enhanced. Mass transport is strongly influenced by the pattern of porosity variation in the GDL. The introduction of the composite porous GDL improves the transport of species not only in the under-land areas of the GDL but also in its under-channel areas, thus affecting the overall performance of the fuel cell. PEMFC performance can further be improved with an optimized catalyst loading based on the composite porosity of the GDL. Such optimization will reduce the operating cost of the fuel cell with a uniform current density.
